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DETERMINING THE EXPONENT OF THE DIVERGENCE FUNGTION FOR REFRACTED

WAVES FROM EXPERIMENTAL DATA
I. S. Berzon

A method was suggested for determining the exponent n of the
divergence function for refracted waves according to the curve of
the relation of amplitude to distance. The curve was obtained through

observations with respect to the correlation method of refracted waves,

The problem has been investigated concerning the adaptability
of this method to the case when the exponent n and the coefficient

of absorption oA in a refracting layer are varying in magnitude.

It was noted that the accuracy of determining the coefficient
of absorption in a refracting layer essentially depends upon the
exactness of the determination of the exponent n of the divergence

function.

Examples of determining the index n according to experimental

data were introduced.

If a wave, propagating in a medium with less velocity, drops
at the critical angle onto the boundary of a layer with greater veleclty,
then in the medium with greater velocity along the boundary of separa-
tion there is propagated a wave which "pulls" in its wake (in the medi-
d&véiéh less velocity) a refracting (head) wavg.ﬁ§,_21.--The—raﬁﬁ?d-
ing of these refracting (head) waves is based on the correlation method
of rofracted waves, In the future we shall briefly designate these

waves as refracted in accordance with terminology which is acceptable

in seismic research,

The multlple experimental works which were conducted according
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to the correlation method of refracted waves [3 - 7], show that re-

fracted waves fade with distance, whereupon the degree of fading out
[damping] depends on the sismological construction of the medium --

on the capacity of the layer with which a formation of these waves i 5
is connected, on the stratification depth and angle of slope of the ’

separation boundary, on the absorption characteristics of the re-

fracting layer and the overlying medium, etc.

The factors which cause thedscrease in amplitude of refracted
waves in relation to distance can schematically be separated into two

groups,

One set of conditions is related to the fact that according
to measurement of discharge from the epicentre there is an increase ; }
in the surface of the sliding wave front, propagating in the medium
with greater velocity, i.e. a ndivergence" takes place of the sliding
front at the expense of which the density of wave energy is reduced., } ]
This subsequently involves a decrease in energy density for refracted
waves, insofar as the knowmn conditions of intensity regularity and
coalescence on the separation boundary must be observed., For an in- ;
crease in distance from the epicentre there is also an increase in
the surface of the front of the refracted wave itself (divergence of
the front)., The divergence of the fronts of sliding and refracted
waves depends on the velocity of the characteristic medium, on the

3

T e—. B the form of stratification and the magnitude of the re

fracting layer.
Another set of conditions causing attenuation of refracted
waves with respect to distance, is tled up with the absorbing pro- ;

perties and heterogeneity of the medium, and also with the energy

output in the superincumbent medium which generates refracted waves, ;

{
| !
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Subsequently we shall use the term "absorption", understanding by

this the losses not only at the expense of non-ideal resilience of
the medium and emanations in the superincumbent medium, but also at
the expense of heterogeneity of the refracting layer, in particular,
the losses at the expense of frequent reverberations in the case of
thin vertical lamination (stratification) also at the expense of
emanations in the underlying medium, in the case of thin horizontal
laminations, In such a way one may present the amplitude of a re-

fracted wave in the following form

- O ok prpr &7
A =) © 212 171
where C is a constant; x is the distance from the epicentre, greater
than the abscissa X540 the initial point of the refracted wave; e(,
and cxziare constants -- coefficients of absorption in the refracting

layer and in the covering medium, respectively; rp and ry are the

lengths of the path of sliding and refracted waves, respectively.

In the formula stated, e"(‘>< 2r24'dlrl) is the term which
determines the amplitude decrease of refracted waves at the expense
of absorption, f{x) is the function which determines the ampli tude
decrease of refracted waves at the expense of the divergence of

sliding and refracted wave fronts, In the future we shall term these

divergence functions for refracted YiYEE’hnéeé&y*&s‘di*axgggce fggg:‘___ﬂﬁ___,,._s\‘_*_____.
tions, P
v
e
The problem of the aspect of the divergence function f(x),

as is pointed out further, is little investigated at present and its
investigatlion involves severe difficulties, Together with this, the |

problem offers great interest in the investigation of the physics of
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of refracted wave propagation, as well as in the determination of ab-

sorption characteristics of different media,

In actual work a method is suggested for determining the di-

vergence function for refracted waves in line with experimental data, | ?,\";
obtained as a result of works in the correlation method of refracted
waves, and examples of the practical application of the method are

cited,

1, A Brief Summary of the Theoretical Work in Reference to the In-

vestigation of Divergence Functions for Refracted Waves

The problem of variation with amplitude range of refracted : _ e
waves in the case of a horigzontal separation boundary of two non-
absorbing media or, in other words, the problem of determining the
divergence functions for refracted waves was investigated in a series
of works by different authors, Jeffreys}[B] investigated the problem
for the case of wave incidence having the form of a single impulse
on the separation boundary of two non-absorbing liquid media and
showed that the amplitude of sound potential of refracted waves over

great distances from the source varied according to the ratio

c
A = e (1)
2

_yhere C.is .aconstant. .

Consequently, the divergence function f(x) is an exponential

function,

]
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Such a relation wac suggested by Muskat (9) and several
other authors who are investigating the dynamic problem of elastic

propagation of waves in a solid medium with a separation boundary.

In detail, amplitude variation of refracted waves with dis-
tance is investigated in a series of works by Brekhovskikh [10-12]
for the case when the principal point of fixed sinusoidal oscillatioxls
is established in a liquid medium with separation boundary velocities,
The formula of Brekhovskikh for amplitude of sound potential of re-
fracted waves for the cases of non-absorbing media has the following

form [11]:

I D) i (2)
g mR(%B) 7’)3 (sin')(o : cosX cos3 _2425__%..)3

v
where p = —V—l- is the ratio of velocity in the covering medium and in
2

the refracting layer, m = @- /Pﬁ. is the watio of density in the
refracting layer and in the covering medium, k = 2TF/A 4 is the

length of the wave in the covering medium, Y) =‘\)2kﬂcsin %_22:2 .

The angles.X*a‘ and 7C and distance R are shown in Figure 1,

) /‘ﬁ//éxo

t e

Figure 1. Determining the divergence function for a refracted wave

(according to L. M., Brekhovskikh)
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The function FCY? ), the modulus of which enters into formula
(2), is presented in respect to the series of exponents V@TLand rlz.
Formuia (2) offers great interest because after some transformation
it lends itself to observance of the ratio of refracted wave ampli=-
tude to distance for any values of x -=- in this mmber and in the
neichborhood of the origin, In work (2) an investigation of this
ratio for the case of great distances x;;>2H is introduced, where

the ratio assumes the form of (1); it is known that the amplitude A
decreases in an inverse proportion to the square of the distance.

In the following paragraph we shall discontinue the detailed exam=

ination of formula (2).

The most complete investigation of dynamic properties of re=-
fracted waves is given in the work of N. v, Zvolinskiy and L. P.
Zay tsev [3]. In this work the dynamic problem of reflection and re-
fraction waves on & horizontal poundary of two elastic non-absorbing
fluid media is solved. The problem is solved for the dimetric case,
by which the source which stimulates the single impulse is investi- ) f
gated, As 2 result of the investigation it is shown that the coal-
escent amplitude ror refracted waves decreases according to the prin=~

ciple: ‘ f

ATE (sic] (3]

where x is the horizontal distance from the epicentre to the point

of observation, and C is a constant,

i ; Thus, from the investigation of all enumerated works it

?; ; follows that in the case of horizantal separation boundaries the [
L { amplitude of refracted waves varies according to the principle of the

exponential function
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A=-hm (L)

n . ; : . .
where x is the divergence function, and n is the exponent of diver-
gence function or, in short, the index of divergence, numerically

equal to three~halves or two,

2, The Determination of the Relation of Index n to Distance Accord=

ing to L. M, Brekhovskikh's Formula

As was pointed out in the preceding paragraph, in the work
of Brekhovskikh [12] it was shown that for great distances x 2H,
the amplitude of refracted waves, which is determined from formula
(2), decreases with distance according to the principle 1/x2. We
are arrested now in the investigation of the relation of amplitude
A to distance by the minimum practicable distance x, i.e. in the
‘neighborhood of the initial point of the refracted wave hodograph.
Linked to this is the fact that formula (2) is of unwieldy size and
without additional calculation according to it, it is difficult to
maintain the ratio of amplitude to distance x, and for a more des-
criptive presentation of this ratio we shall proceed with the
following method. At each point which is at a distance x from the

origin, we select the exponential function

I-L |
A (s)

50 that the derivative g %2 i at this point which characterizes a

variation of amplitude with distance from its neighborhood, is equal

to the derivative %;%%mﬁ from the function A = A(x), determined
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from formula (2), Accordingly, the index n in the general case may

be different for equal points, i.e, n can appear as a function of dis-

tance x,

For the exponential function (5) appearing in a two-dimensional

coordinate system

R

y=1lnx z = 1n
then curve (5) is transformed directly to

7z = «ny + C! (6)

where C is a constant.
The angle coefficient dz/dy direct from (6) is equal to n,

Now let us introduce into this coordinate system curve (2) and we

shall &efine the angle coefficient n(xinit) as the tangent to this

curve at the origin., Expressing in formula (2) the magnitudes

and R by x and H, and angle by the relation of velocity p, we ‘f i

obtain the following expression for index n:

r(h)

‘ )
*tatirm w1 - 2V s e 2)

where . et mnmim
Y oo S

Let us introduce the designation

%‘EZ"I%’H in {x‘\}l - PPN+ LR w px 4 28T - p213/2 1y (%), :
(9)

i

Declasified in Part - Sanitized Copy Approved for Release 2012/03/26 : CIA-RDP82-00039R000200140031-1




R s R R N P AT R
C?SSIfled in Part - Sanitized Copy Approved for Release 2012/03/26 : CIA-RDP82-00039R000200140031 1 :

pr]

a(ln x)

= HZ(X) (10)

Performing the differentiation on the left side of formula {
H

(9), we derive the following expression for nl(x): :

X

p o+
X
A’iﬁﬁi + 1
b D %
X 5 2H
PoH * SH + 1+

At the origin of the refracted wave hodograph, i.e. for ‘

"Viﬁ-‘? (12)

#
ol
=lw

nq (x)
toF (11)

Ly

n (% 0 p) = 0.5 + 0.75 p. (13) :

The function nz(x) after several transformations can be

written in the following form

20
Ao o
npl¥)e - 1% i) 3 = >
A 1. ok -1 - 2 2
f\f(aﬁT*l -A-» 9

-

For computing the derivative

i : 41 )
-
din Y -,

‘f ‘ let us separate the funetion F(g ; according to:degrees of P

!
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introduced in work [11]:

%(_;}% - X ’BWL/a{mBﬁ‘ %LZL 2%(%)2— %——17——3”5_<

i ES(Eh- 555 55

R 2135 3!557 J} ) f

Deriving from (15) the modulus of the function F( ) and

deriving the differential function 1n [ F( , with respect to 1ln N
$;

we obtain the relationship n, = n,(")) in accordance with degrees of
2 2

2. The origin = 0 and n,(x;..:.) is expressed in the following
2\ ¥init

1 ;
= 0.87p(L - 24q{§
p( p°) S |

(16)

simple formula:

=

1
np(xipse) = Yoem B V— (1 - p?)* G

G

=W

Thus, in the neighborhood of the origin exponent n(xinit) P

becomes

n(xinit) = nl(xinit) + n2(xinit) =

0.5 5 0.75 02 + 0.87L p(L - p2)F A B/ (17)

As is seen from (17), in the neighborhood of the origin, the

iR

reire—oi- T~ indcTeases-according to a parabolic curve for an increase

in the ratio H/ A . In Figure 2 the family of curves n = n(H/ <)

with parameter p is illustrated.

As is seen from the presented graph, for small H/ }\ 's the
value of n (xinit) <n('x >> 2H) = 2 for any values of p, For large

H/ ™ 's and small p's the value of n(xyny4) is also smaller than

S T

SRR

.10 =

. [ " {
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n(x.j?ZH). Consequently, in the case when the depth H is small in
comparison with the length >\ of the wave, the amplitude in the
neighborhood of the origin decreases more slowly with distance than
for greater distances of xj; this is accurate for any ratio of velocity
in the covering medium and in the refracting layer, For deep and
large [waves] in comparison with long waves a similar regularity occurs
for small values of p, For large H/) and large pls the amplitude

in the neighborhood of the origin decreases more steadily with dis~

tance than for large distances x:inH.

Similarly from (2) there can be obtained a relationship n(x)
for any values of x :>2H —P2__, However, an investigation of this
l-p
relationship presents numerous difficulties due to the fact that rays,

in view of which the function lF( [) )[ is presented, slowly come

Y\?/Z

together, Now it is possible to estimate the behavior of the function
A(x), given by formula (2), only for minimum and maximum potential
values of x -- for the neighborhood of the origin and for x consider=-
ably larger than twice the depth of the separation boundary, A
comparison of the values of n, obtained in both indicated cases,

shows that for values of x not satisfying the inequality xj%)ZH, the
value of n varies with a change of distance x. This result is ne=

cessary to allow for the development of a method to determine n ac=

cording to experimental data,
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Figure 2e Curves of the ratio of n(xinit)

: Vi
to H/ )\ o Parameter of the family P = =
2

is the proportion of the velocity in the
medium, covering refracting boundary and

in the refracting layers

3, The Aggroximate Formulas for Amglitude Curves of Refracted Waves

The amplitude curve in the case of & horizontal separation

poundarye

Based on the theoretical works which were considered briefly
in the preceding paragraphrfthc~¥a£io of refracted wave amplitudes
to distance in the case of a horizontal peparation boundary of two
non=-absorbing media can be approximately presented in the form of

the function

i) = (26)

-12 =
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where x:> xinit’ and n is the index of divergence, which according

to the research results of different authors is of constant value,
at least for distances of x which considerably surpass twice the |
depth of the separation boundary, Let us note that in some cases

the layers of the medium of the divergence functioﬁ, possibly, dif=- é

fer from exponential functions even when sufficiently removed from

the origin,

Let us consider an approximation for rays in the cases of
divergence functions of an exponential function of form (18); as
will subsequently be seen, it confirms the results of the determin-

ation of n according to experimental data,

In the case of an absorbing medium with constant coefficients
of absorption the variation of amplitude waves with distance, as was

shown in the introduction, can be written in the following forms

(=) = %; " Hprpm Ay (19)

where C is a cor . r, and rl afe respectively the length of the
path of the slic:® L refracted waves, 942_ and °<f are the coef-
ficients of absc % & reflracting layer and in a covering medi-
um, respectively ase of a horizontal separation boundary
rl = const; whe: or &= % Tl, which determines the absorp-
tion in the pri: is a constant and it is possible for it
to include the Ihe length of the path in the refracting
medium Tpe X - re His the depth of the separation
boundary, and i Y. is the critical angle, Thus, it is
possible 1o wr. ‘lowing form:

= R (=20 ton i)

o

(191




an edCdbyA roved for Release 2012
pproved for Release 2012/03/26 : CIA-RDP82-00039R000: )
‘ : / - 200140031-1

In the semilogarithmic coordinate system (%, 1n A) formila §

(19') becomes: §

in A = - sz_x -nlnx + Gy (20)

where Cl is a constant depending on the value of c, Hy i, and 042 o
Tn the future we ghall call the graphic relation 1n A= ﬂ! (%) am-

plitude curvese

The Amplitude curve in the case of an inclined separation
boundary . Using equation (20), let us deﬁermine the principle of
variation of ampli tude along the Ox 1ine in the case of an inclined
separation poundary. In Figure 3 the inclined separation boundary
G is shown and the trajectory of refracted waves for this case. The
straight line O)c:L is parallel touthe bogndary Q. In conformance

with (20) the variation of amplitude along the line Oxy has the form
lnAl=-o(le—nlnx1+Cl (21)

where Xl :; x, ,, is the distance reading from the point O along the
init .

line Oxl.

Between the coordinates % and x there exists the following

relationship:

x - x &EEEQE_i_SQ,).

cos 1 (22)

For the propagation of refracted waves between the straight
lines Oxl and Ox a variation in the wave amplitudes at the expense
of absorption and divergence in the primary medium occurse It is
possible to show that the divergence of the front of refracted waves
in the area included between the straight 1ines Ox and Oxq con be dis=
regarded since the effect of this factor on the decrease of wave am-= i

plitude is considerably smaller than the effect of absorption in the

e )
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In the semilogarithmic coordinate system (x, 1ln A) formula

(19') becomes: 8 ;‘,::

lnA:—vﬂzx-nlnx+Cl, (20)

where Cl is a constant depending on the value of C, H, i, and 0(2 .
In the future we shall call the graphic relation 1ln A& =,§H (x) am- : 1

plitude curves,

The Amplitude curve in the case of an inclined separation
boundary, Using equation (20), let us determine the principle of
variation of amplitude along the Ox line in khe case of an inclined
separation boundary, In Figure 3 the inclined separation boundary : :
Q is shown and the trajectory of refracted waves for this case, The
straight line Ox1 is parallel tOthe boundary Q. In conformance

with (20) the variation of amplitude along the line Ox; has the form
lnAl=-:;(le—nlnxl+Cl (21)

where x)_ > x. .. is the distance reading from the point O along the
: init

line Oxl.

_Between the coordinates x; and"x there exists the following '{ i

relationship:

(cos(i + ) s
= X |
1 cos 1 (22) j
For the propagation of refracted waves between the straight

lines Ox:L and Ox a variation in the wave amplitudes at the expense
of absorption and divergence in the primary medium occurs, It is =7 ° Trm—TT :

possible to show that the divergence of the front of refracted waves
in the area included between the straight lines Ox and Oxl can be dis-

regarded since the effect of this factor on the decrease of wave am-

plitude is considerably smaller than the effect of absorption in the

AR A K s
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primary medium,

Substituting in (21) the coordinates Xy for x, making allow- i |
ances for power absorption in the primary medium on the path CE (Fig-
ure 3) and including‘the additive constant in the constant Gy, we ob-

tain the following equation for the ratio of amplitude to distance x:

1nA=-n1nx-o(2xE.°_S‘.§i_L€Q.-o(x_s.§“L+Gl

cos i |7 cos i

(23)

where o({ is the coefficient of absorption in the primary medium,

Figure 3. Deriving the equation of an amplitude curve for an inclined

separation boundary

From (23) it is evident that for @( 0, i.e, in the case
where the profile is orientated in accordance with the slope of the
separation bounaary, the function 1n A = k,l) (x) can have a_mimimusre=-"" T T~ _—

The abscissa of the minimum point of the amplitude curve is expreesed

by formula as: ’:

| ; o n cos i
*u &, sing - o(zcos(i iz ) (2l)

nls—

s
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From (24) it is seen that the minimum point of the amplitude ) » ‘

curve depends on the angle of slope (P of the separation boundary, !

on the size of the critical angle i, on the size of the absorption

coefficients °<n and O<2 in both media and on the index n of the

divergence function.

The observed amplitude curve has a minimum in the case when
the minimum point derived from formula (2)) is located in an area
where there are refracted waves, Moreover, this is necessary for
the realization of the following conditions: the abscissa Xy of the

minimum point must be greater than the abscissa Xy 44 = %—I;I—s-?—i—n-i-é-y

of the origin of the hodograph of a refracted wave and smaller than
the abscissa xlim of an end point, corresponding to the intersection
of the separation boundary Q with the line Ox (Figure L), i.e. the

following inequality must be maintained:

2H sin i < n cos i < H
cos(i - Cp) o, sin @ - o(zcos(i - Q) sin (@ (25)
t| 1n A 2
1
T
3
L

o / s -
. . o\L Pm_ﬁl:j:::ﬁw)&_\xm %3]

Seaa —

E:i-éafe-. L. Hodograph and amplitude curves for the case of a profile
situated in accordance with the eleveation of the refracting boundary,
Curve 1 == xinit<xM { %pyps Curve 2 == x < X, pgy0 Ourve 3 ==

X > xl in

. lb -

R TR

[ ‘
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If condition (25) is observed, then the curve will have the form

of curve 1 shown in Figure ;, If Xy < Xini4e Which for the most
part is possible in the case of a deep separation boundary when
Xinit 15 of a comparatively large size then the amplitude will be
& monotonic increasing function of the distance x (Figure l, Curve
. .,

2). Finally, if XM> Xinit? which is possible for small angles of
slope and small absorption coefficients °(l and 0(?_ s then the am~
Plitude will be a monotonic decreésing function of the distance x

(Curve 3),

Knowing the values of i, (| , A, , and n, it is possible
to determine the range of the values of H and @ for which each
one of the three cases analyzed will occur, In Figure 5 a nomo-
graphic chart is presented which permits determination of the
three ranges specified above for the particular case when n = 1,5,

1=30% o = 0,05 m~1, of,=0,005 mL,

In the nomograph are shown three families of straight lines !

with parameter @ 3 I is Xinit = %%; II is X34y = -S—i—g—-@

n cos i i . .
EyTo—. a(zcos('i - @7 o BEach straight line

of family I has the geometric locus of the origin for a fixed angle ] ]

and III is Xy =

@ + The range of values x and 'H for which there can be recorded
refracted waves, characteristic of the separation boundary with fixed

angles of inclination §0 s MR are located above the straight line
T ——— . ;

with fixed valué‘oﬁ"‘the‘pa‘nglpe_ater D e == T

The straight line family II is the geometric locus of the inw

tersection points of the beglhning of the separation boundary with

the horizontal terrestrial surface, The range of values x and H for

which there may exist refracted waves characteristic of the separation o

R S
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EEER
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boundary with different angles of inclination q0 , is located between

the lines of family I and II with similar values of the parameter CP .

The straight line family III is the geometric locus of the
minimum point of the amplitude curves ln A = £(x; @ ), corresponding \
to the separation boundary with fixed values of the angle of inclina- i
tion CP . Each family of straight lines III with a fixed parameter . .

CP divides the area of existing refracted waves into two parts. : :
The waves included between I and II have similar values of the param=-
eter @ . In the range of values x and H, which are located above
the straight line family III, the amplitude of a refracted wave
grows with an increase in X, but in the range of values x and H which
lie below the straight line family III, the amplitude decreases with
an increase in x., For values of H smaller than the abscissa Ha in-
tersecting straight line families II and III with equal values of
parameter @ , the amplitude is monotonic increasing with the dis-
tance x for all possible values of x, For values of H greater than
the abscissa Hy, intersecting the s traight line families I and III
with equal values of (p , the amplitude for all distances increases
monotonically with the value of x, For values of H which satisfy the

inequality H, < H<Hb, the amplitude curve has a minimum.

An analysis of Figure 5 shows that for assumed values of °/1’ i

Q{,_, N and i and for small values of the angle of inclination @
e "‘““"““/M %‘ge**of valugs of x and H for which the amplitude is monotonic

e e e

incrcasing with distance is comﬁamf\feiy/large, and only for great-
er distances of x does the amplitude reach a minimum and after this
5 it increases with distance., There can enly be a monotonic increase
of wave amplitude in all lengths of the line observed for sufficiently i 1

groat depths H, As, for example, for @ = 89, the amplitude is J

{ .18 =
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monotonic decreasing with distance for H 80 and for all possible
values of x. For 80 meters<: H (_ 560 meters the amplitude decreases
for all values of x < 560 meters; for x = 560 meters the amplitude
curve has a minimum and for further values of x the amplitude in=-
creases with distance. For H> 560 meters the amplitude increases

with distance for all possible values of x,

For large angles of inclination @ the range of x and H, for
which the amplitude is monotonic decreasing with distance, is extremely
small; as for 40 = 109, the amplitude is monotonic decreasing only
for HE 50 meters; for 50 meters <H € 2),0 meters the amplitude curve
has a minimum relatively near the distance B = 250 meters from the
epicentre and for H > 20 meters the amplitude monotonically increases

with distance for all values of x.

X, m
1000

500

0 Ha Hb 1000 Hy m

Figure 5., Nomographic chart for the determination of the character
of an amplitude curve inthe case of a profile which lies on the

slanting-pice.of -the refracting boundary: the dotted lines are

family I, Xipi¢ = %%E%%‘(%); the unbroken line is family II, Xjip=

= H sec ¢ ; the dotted line with points is family III, Xy =

n cos i
=, sin @ - o, cos(i-¢) *

shows the range of values of x and H, where the amplitude increases

For @ = 89 the vertical shading

with distance x, and the slanting shading is the range where the

amplitude increases with distance,

- 19 -
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The Amplitude Curve in the Case of a Curvilinear Separation Bound-
ary. In the case of a curvilinear separation boundary for relative=
ly small curvature the equation of an amplitude curve can approxi-
mately be represented in a form similar to (23). The basic differ-
ences are the following: (1) for constant velocity of the character-
istic medium the index n in the case of a curvilinear separation
boundary may essentially be distinguished from the index of a flat
separation boundary; (2) the length of the wave path in the refract-
ing medium must be read along a curvilinear line, and not on a recti~
linear as on a refracting boundary; (3) the length of the wave path
in the primary medium varies in accordance with a more camplex prin-

ciple than in the case of a rectilinear boundary,

The equation of the amplitude curve in question can be pre-

sented in the following Fform:

Inh=-nlnr- d, (r-sy - &, s+ G, (26)

where r is the distance read along the curvilinear refracting
boundary from the basic normal which was dropped from the epicentre
onto the separation boundary to the discharge point of seismic radi-
ation from the second medium, ) is the length of the curvilinear
boundary segment from A normal to point B of seismic radiation dis-

charge in the second layer,

Figure 6, The development of the relation of the amplitude curve

for a curvilinear separation boundary
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. The Processes for Determining the Index of Divergence from

Experimental Data

Let the index of divergence I and the absorption coefficients
o and K, be constants. From these assumptions the determination
of values for n can be derived by two methods: (1) according to & |
system of two W anplitude curves and (2) accordiné to a
system of two % amplitude curves. Both methods are based |
on the hypothesis that the waves, recorded at different epicentres,
are characterized by the same predominant frequency of oscillation
and while the absorption coefficients 057_ in the equationsof amplitude
are applicable to different epicentres, it is possible to regard
them as equal, This is based on the separate investigation by this

method of each of them.

A —_— !
Iy
10 2
10
8 .
0.8
6
0.6
b
Ooly
A (X
ol 1n A (x)-1n Ax(x)
1 2 ——Aa ) 0.2

B 100 200 300 LOO 500 $00 700 800 900 1000 0.1 0.2 O 0.6 0.8 1,0
Xy M x/x%l

(a) , (b) :
oNerioppin i
Figure 7. The determination of n by two famplitude curves: j

ove )
(a) the Mﬁmplitude curves 4, = Al(x) and Ay = Az(x); (v)
the curve 1ln Al/A2 = ¥ (x/(x + L)) in the u, w coordinate system.

s st

-2l -
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e
The Determination of n According to a System of Two %

loep\
% Amplitude Curves. Let us consider at first the case of a

flat inclined refracting boundary. Let the equation of the ampli- i
tude curve obtained at the explosions in point 1 (Figure 7) have

the form:

o cos(i+ @) _ - sin - :

In A = b(zx YYE nln x o(‘ x i Cl' 27 :
The equation of the amplitude curve obtained at explosions

in point 2 which is found by the distance ﬂ« from point 1, has the ‘ {

forms

1nA2='°(;(X+Q)%@—HJB(X&Q)-AI(X+,Q)%E&+CE

(28)
From formulas (27) and (28) it is possible to obtain the following

equation for the difference 1ln A7 - 1n Ap = 1n A /Ayt

A x cos(i+ €p) ,
lnf\—z-— n 1ln x+}L+o<ZQ = + C, (29)

Let us introduce a new coordinate system:

A
u = ln - w=ln.i (30)
X + Az

The difference curve (29) in this coordinate system is transformed
into a straight line

.. "“""‘““‘“‘-ﬂ\‘
W = =-nu o+ 03, (ﬂl)

the angular coefficient of which, taken with opposite signs, is
equal to the index of divergence n. This construction can be use=-

ful in effecting the following form, According to experimental j

- 22 - ‘ -
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converging amplitude curve fitting, constructed on a semilogarithmic

grid (x, 1n &), it is possible for each one of the given values of x

to represent graphically the difference ln Al - 1ln 4y = 1n Al/A2 and
to plot the changes of value of 1n Al/A2 on the two-part semilogar-

ithmic grid (Figure 7 b), in which are double scales along the axis

q

of the abscissa [x-axis] (logarithmic for X and equal for u =
[ ] (Llog rxys q
= 1n ;{——’f—ﬁ- ) and the axis of the ordinate (logarithmic for A]_/A2 and

i

equal for w = 1n IE )« Approximating the plotted points of the straight i .
line and determining for this straight line the values Au = e - Uy
and A w = Wi - W, it is possible to compute n = ﬁ—:’{.’ In the case
of a curvilinear separation boundary, which is characterized by com~

paratively little curvature, formula (31) is still correct, only in

this case the abscissa u has the form
U= In == (30")

Here p and r are distances shown in Figure 8, TFor determinations of
n in this case it is necessary first of all to plot according to the
hodograph of the refracting boundary and make the distance readings

along the curvilinear boundary.

COL{ +€(’

The Determination of n by | Amplitude Curves, For

Coun .
two amplitude curves, we have the equations:

- cos(i+@) _ . sin p
1n 4y oy X =gt - nlnx - (X v %] (32)

and

= - - x)cos(im@) _ asin®@
In A, = qz(a x) o 1 nin(a = x) + « (a x)cosi+C2

(33)

-y
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where a is the distance between the two epicentres (Figure 9). Add-

ing (32) and (33), we obtain the equation of added curves:

n ‘
2 .
1n Ay MZ = 1n (AlAZ) = —E%%ETCZ x(O(zsin i-e)=-nln x(a=x) + C. i

r

overlap Ping

Figure 8, Determining n by TR 2nplitude curves
when there is a curvilinear separation boundary
In the case of a horizmtal separation boundary f? = 0 and
1n (A1h;) = - n 1n x(a - x) + C, (35)
Let us present the coordinate system:
v = 1n x(a - x), z = 1n (A1A2)' (36)
In this coordinate system, curve (35) transforms into a straight line

z = ~-ny + C, (37)

aa -

the angular coefficient of which, taken with opposite signs, equals

n (Figure 9b).

| e . !
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6 4 6
-3
2 1 2 3 Xa-x)
X m ,
100 200 300 40O 500 600 700 80O 900 " x(a-x)

Fz.gure 9, Determining n according to w amplitude curves: (a)

 amplitude curve A = Al(x) and A2 = A (x) (b) curve 1n (A ) =

= Y [x(a - x)] in the (y, z) coordinate system

For a determination of n according to the system of two %
amplitude curves, it is necess-ary to have in mind that (y, 2) coordinates
of the points of the straight line (37) conform to the values of x and
X =2 - X and consequently they correspond to segments of the straight
lines corresponding to values of x in the interval 0<x{a/2 and a/2¢x
< a, In connection with this, for convenience of representation, it is
expedient to plot the points which comprise the distance interval
0 <x S a/2, but then, turning the grid around the z axis and the y;

axis = 1n (’AlAZ) , to plot the points which comprise the inter-
x = a/2 /,“___’_...—-—-—————\

val a/2< x < a., Drawing the s@a;i,rzlartfl’i»r:e which approximates the el
plotted points, and -de'term’i‘rlxir;é from this line the values Ay =¥ =¥y :
and Az = z; ~ 7 (Figure 9b), it is possible to compute the value of n,

=As/dy.

Oler \appin
Comparison of Methods of Determining n by %und .

Connter Ve
6,
m Amplitude Curves, The method of determining n by w&he

|
|
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curves is essentially opposed to the method of determination by
counter curves. It is clear that for the construction of amplitude
differences the deviations of separate points of the curves (these
deviations being dependent upon the variations in seismographic
equipment along the profile line or the differences in passage sen-
sitivity) are excluded. It is necessary to emphasize that in order
to employ the method of % waves there is no need for a pre-
cise selection of equal passage sensitivity and like specifications
for seismographic equipment along the profile; for a determination
of n it is necessary only that the passage sensitivities and seig-
mograph equipment remain unchanged when obtzining recordings from

both epicentres. ‘

In using the method of counter curves the deviation of
points of the amplitude curves are dependent upon the differences
in passage sensitivities and condition of equipment ‘Mt’
MY distort the results of determinations of the values of n. Let
us note also that the method of diverging curves gives inaccurate
results in the case of slanted planes and curvilinear separation
boundaries, as the method of overlapping curves principally gives
accurate results for any types of refracting boundaries if the

granted assumptions concerning the constancy of n, A7 ang 2

- - e e e ————— L .

are observeds Thus, the method of overlapping curves is more accu-

rate and easier for practical application. It is expedient to use
the method of counter curves only in those cases when overlapping
curves are absente In the future we shall investigate only the P

method of overlapping curvess i

“ 26
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Oyer'app'mg
5. _The Applicability of the Method of DN Curves when n and

°(z, are Variables

In the preceding paragraph the method of determination by i
two converging amplitude curves based on the hypothesis that n and ; 5
oﬂz_are constants was investigated. In this paragraph we shall study
the problem of the applicability of this method when either n or 942

is a variable,

The Index n is a Function of Distance from an Epicentre. As
was shown in Paragraphs 1 and 2, from the investigation of Brekhovskikh's
formula [11] it follows that the index n does not depend on the dis~-
tance x only for values of x which are considerably greater than : ]
twice the depth of the separation boundary. For smaller values of X,
the index n depends on distance, i.e., n = n(x). Let us investi-
gate the problem of possible errors in determining n by the method
of e 0 curves when n depends on the distance between the ob- : \
servation point and the oscillation source, In this case formula
(29) becomes:

A
lni= - n(x) 1n x + n(x +Q/) In (x %-f/) +C

(38)

In the (u, w) coordinate system, curve (38) is transformed into a i

- \-
straight line when n is a constamty—owt~—tMBINISE into a ocurve.

The effective value of the index of divergence Norp numerically will
be equal to the angular coefficient of the tangent to this curve,

glven with opposite signs:

Dgpp = = g—g = n(x) ~ X[n(x *A) - n(x)7, (39)

“27 -
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Introducing the specifications

neff(x) -n(x) = A neff(x),
aix + ) - nG0) = A a0,

it is possible to set up (39) in the following forms

neff(x) = "‘iAn(x)o (39‘)

Thus, the variation of the value of neff(x) from n(x) is
equal to the difference of the value n(x + ,ﬁ.) and n(x), given with

opposite sign and mltiplied by the coefficient x/ 11 .

From formulas (39) and (39') it is seen that when An(x)< 0,

i,e. when n(x) > n(x +L ), the inequality is correct
ge(x) Yy a) > nlx + Ly (10)
when An(x) .0, i.e. when n(x) < n(x +ﬁ,), this inequality holds
noait) L nt ot + . (1)

Consequently, in both c;ses the value which is determined for
Ngpp is not intermediate between the values of n{x) and n(x + ﬁ).
Depending on the relation of n(x) and n(x +A) the value of neff(x),
which is determined by the slope of the tangent to curve (38), will

be either larger than the larger of the two values n(x) and (n)(x + ),

or smaller than the smaller of these two values., From the study in--

troduced in Paragraph 2, of the Brekhovskikh formula, for x larger

than 2H and for the neighborhood of the origin it follows that re-

lationship (LO) must occur for larger values of H/ ). and large

values of the veloclty rate p, but relationship (L41) is for large é

values of H/ )\ for small p or for small H/;k for any value of p.

“- 28 w
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From equation (39) it is seen that the value of ngpp varies
with distance x, during ‘which its nature of change depends on the
form of the function An(x) =n(x + ﬁ,) - n(x), which up to now has

not been investigated. For distances x>>2H, as follows from the

theoretical work of Brekhovskikh and other authors the function

A n(x) converges to zero, and the value of ngpp converges to its
real value n. The greatest distortion in determining the index n,
which is dependent upon its variation with distance, must occur for
_ small distances of x, i.e, in those cases when amplitude waves ob-
tained near the origin are used for determining n. Consequently,
for determining n it is expedient to select a section of the ampli-

tude curves which is sufficlently far from the origin,

The Variable 0(2__. For a Etudy of the :7(2 variables it is
necessary to set forth two cases: (1) the absorption coefficient
depends on the distance between the point of the refracting bound=
ary and the epicentre and (2) the coefficient of absorption
depends on the nature of the refracting layer in different points
of the separation boundary and does not depend on the distance be-
tween thesd points and the epicentre, f‘or brevity, in the first
case, we shall say that °<2L is a function of distance from the
epicentre, and in the second case, that v(zis a function of the co-

ordinates of a point of the refracting boundary.

o ettt

1., The value of 7{2. may be a function of distance from the
epicentre in this case, if wave penetration in the second medium
occurs or if the majority of waves vary with distance. It is known
that in the neighborhood of the refracting layer, in particular for
stratification with little depth, rocks often are changed by the pro=

cesses of weathering and oxidation, This should lead to some in=-
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creased values of the absorption coefficient dz_in the neighborhood
of this layer and to the presence of a negative vertical gradient

of the value C*Q, One may Suppose that at some depth Hy in the re-
fracting layer, if it is fommed of similar rocks, a constant value

of dz‘is determined. For. small distances % the wave propagates in

a neighborhood of the'refracting layer where the value of *z_is some=
what increased, put for great distances the wave penetrates the depth
of the refracting layer and beginning with some distance X, attains
the d;pth Hi at which an‘approximately constant value of dﬁ_is es-
tablished. Consequently, in the presence of penetration, the value

of a{a-must be a decreasing function of distance.

Let us note that as regqrds the presence of penetration it
is not always possible to pass judgment on the basis of studying the
form of the refracted wave hodograph, since for 8 small vertical gra-
dient of velocity, penetration may have practically 7o effect on the
parallelism of the converging hodograph. Even now for a small gradi-
ent c(z_the penetration may apparently exert considerable influence
on the path of the amplitude curve and, in conjunction with this, on

the accuracy of the determination of values of n.

The decrease in the coefficient of absorption d?_for increased
distances from the epicentre may also be dependent upon the variation
with distance of the predominant frequencies of pecorded waves. In
several cases, particularly in the presence of thin refracting layers,
lying at small depths, predominant frequencies of refracted waves vaff
sharply with distance at a emall withdrawal from the epicentre and,
only beginning with such a dlstance, an approximate constancy of the
predominant frequency is set up. 1n these cases, in the presence of
WOW epicentres the predominant wave frequency, recorded

at the nearer eplcentre, is greater than for the more removed opicentre.

In relation to this, the values of d\zwill also be differentiated

- 30 -
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since the coefficient of absorption o(zincreases with frequency. Con-
sequently, for a variation of the predominant frequencies of waves with
distance the coefficient of absorption o/l, just as in the case of

penetration, will be decreasing functions of distance.

2, The value of aéLis a function of the coordinates of a
point as long as the physical properties of refracting layer II
change along its boundary. This may occur during a change of the
lithologic structure of rocks which are a part of medium II, In
particular, such a change is possible in this case if, in medium I,
there are vertical separation boundaries of the layers with differ-
ent deflection distances and different coefficients of absorption,
In some cases there may be a change of the coefficient of absorption
in the same rocks if they have areas with different porosity and

fracturing,

The Coefficient of Absorption oﬂzas a Function of Distance
from an Epicentre. Let us present the problem of the accuracy of
determining n according to the method of overlappiﬁg curves, if
aéz is a function of distance from an epicentre, On the basis of
the physical conditions given previously we shall assume that
is a decreasing function of distance, which is read along the re-

fracting boundary and, consequently, for r'2 4 rg, Ao (ré)>a(z(r;).

e e
_..'l’lmvw qde curves in this case will be
\
T2

i , , .
Infy ==nlnx- A x .2—5;1—5 - sy (rp)dry + Gy, (L2)

Hi tan i

~ 3] -
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1n A2 = =-nln (x +ﬁ) —d‘ (x+£) —z—z—gﬂ - Q(Q_(rz)er + ‘CZ '

1
Hy tan 1 (L3)

where Hi and H2 are depths in respect to the normal from the epicentres z

1 and 2, respectively, r} = x cos(ivf) Hy tan i, r¥ = (x + ﬁ.) cos(ivfp) _

cos i 2 cos 1
- H2 tan i, The difference 1ln Al - 1n A2 = 1ln Al/A2 can be represented

in the following fora:

| !
o T2
1n él = -nln—2p . & (r,)dr, + o, (r, )dr, + C (Ll
Ay X+ Q 2727772 AN A
Hy tan i H, tan i
Let us introduce the notation
. "
ra 2
Sy(rpddry = |y (rpddry = @ (x) (1s)
Hl tan 1 H2 tan i

Thence (L)) appears as

X
n l“w" (P (x) + C, (L6)
or in the (u, w) coordinate system

W= =nu - QQ (u) + C. ' (L7)

~the-effective value of- ngypp is numerically equal to the angular T ——

coefficient of the tangent to curve (L6), with opposite sign, The

formula for Ngpp will be

dw dp  dx 8)
Teff T TE T H @ .

|

|

i

1

)
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Tnasmch as u = 1n % ., then the derivative
x+ L

s . x(>i+ 1) >0 | (19)

It is possible to express the derivative d(p/dx in the following

mannerxr
dp _ Ol d ar¥  cos(i * @)
-4 b - BT el - A e

(50)

According to the condition that a{,]_(r‘) > o{,)‘(r'é), then

%}_ZCQ,_> 0. The product ...E. _..>O- consequently, for the given hy-
pothesis regarding the dependence of Uéz_on distance, the value of
Dorp which is restricted according to formula (L48), is greater than

the true value of n.
Introducing the specification

() - e = 8% (1)

and taking into account equatlon (L9) for dx/du, let us write the

equation for the error in determlnlng o in the following form:

-

Bzl L, (x(i‘- + 1) cosl: re) (52)

S
~

lOth3T Figure 10, Ourves of
8 the ratio of Sh/&az
6 to x; the parameter of
in the family is the dis-
2

tance ,@ between epl=

0 centres.
200 L00 600 800 1000 x, m es
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From formula (52) it is seen that £;ﬁ1 is greater, the greater the
value of x and the smaller the value of d\?' It is necessary tio keep
in mind that the value, in turn, is a function of x and L . The
difference 80(2_ may attain large values for small ,x/,[L; for large
x/ﬁ one may assume that 80‘2_ will approach zero, In Figure 10 is
shown the family of curves BFVEH2= 8 n(x,ﬁ—) calculated for different
values of the parameter of the horizontal separation boundary,
As is seen from the graph, even comparatively small variations in the !
value of °<)_ cause considerable errors in the determination of n.
As, for example, for x = L0O meters, ﬁ = 1000 meters and 8”/8d2=
= 560; if assuming that 8@{2_ is small, being equal to 0,00L m"l,

the error 8}’} = 0,56, For x = 600 meters, ﬁ = 1000 meters and

B

2
of penetration may take place essentially at distances close to the

= 0,001 m"l, the error 8‘(\: 0.96. Insofar as the occurence

epicentre, then for greater accuracy in determining n, it is expedi-
ent to make use of observation areas not too near the explosion point.,
In these cases one may assume that waves, excitable in both epicentres
are propagated along one and the ‘same boundary of separation, and

therefore 85»7_= 0 and, consequently, S n =0,

As was shown earlier, for a decrease of frequency with dis-
tance,_.asQJ‘_.rl_’r,he presence of penetration, the coefficient of absorp- ; ‘,
tion also decreases with dis‘t-;n;;. " In this case errors in determin- ’Wﬁ-
ing n also are contained in formula (52). As was shown, the results
of treating field experimental data, obtained at the Geophysics In=- i v‘ 4
stitute in 1946, for solid limestone with a velocity V = L0O meters !

per second, for frequency variations from 60 to 100 megacycles, the

coefficlent of absorption varies by 0,003 = 0,006 m*l, For less

solid rocks the frequency variation may specify considerably greater

-3 -
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values ofgkﬁﬁwhich essentially represent, in accuracy, determinations

&
g
o

of n, §

From what has been stated, it is seen that wave penetration
in a medium which is located below the refracting boundary, and the
decrease of the prevailing wave frequency with distance lead to an
exaggeration of the value of n determined by two overlapping ampli-
tude curves. Therefore, for determining n it is necessary, in the
first place, to use only recordings with identical predominant os-
cillation frequencies and, in the second place, to select regions of
amplitude curves which are obtained at sufficiently great distances
from the epicentre. In this case one may expect that penetration

would not play an important part.

The Appearance of.Penetration and the Variation in the Value
of n with Distance, From the preéeding investigation it follows that,
just as n varies with distance from an epicentre, i.e. for n = n(x),
s0 cAg_varies with distance from an epicentre according to the speci-
fied penetration, i.e. for oA, = c(z(x), the method of overlapping
curves gives distorted values of Ngpfe The question arises whether
according to observed data it is possible to set up the relation n =
= n(x) and Ag = M}_(x) and whether it is possible to limit these

two phenomena. )

o ot g A

A

10 A1 Figure 11, Determining n #
8
6| 3 2 by three overlapping am~ |
L plitude curves

RS
? \\__._.
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In both cases illustrated the value of Doep must depend on ! o

£

at vhat distances from the epicentre are obtained the recordings ac=- i

cording to which the regions of amplitude curves which are to be used

are plotted, Consequently, if the value of Noeps determined by dif-

ferent pairs of amplitude curves, obtained from one and the same re-
gion under conditions of constant predominant oscillation frequencies,
is different, then it indicates that there occurs, at any rate, one
of the two phenomena under investigation, In principle, the simplest
systems observed, permitting the establishment of the ratio of Nopp
to distance x, is the system of three overlapping amplitude curves
(Figure 11). In some cases a comparison of the values obtained from
different pairs of curves may permit solution of the problem as to
whether the difference in the values of Dope 15 dependent upon pene-

tration, i,e. the relation %, = &, (x), or n = n(x).

If n is a monotonic increasing function of X, then for deter-
mination according to curves 1 and 2 (Figure 11) there will be ob-
tained a smaller value of Dgpp than for determination by 2 and 3, 1.0,
Q : neff will increase with distance x, At the beginning of penetration,
the value of Dgpps 85 pointed out earlier, decreases with an increased
X. Consequently, on determining n by different pairs of amplitude

curves it is possible to distinguish the case when n is a monotonic

increasing function of distance from the case of penetration.

: : If nis a monotonic decreasing function of distance, then § ; T
\ the value of n determined by curves 1 and 2 (Figure 11) will be

?; ' larger than Ngppy a8 determined by curves 2 and 3, i.e. a result

’ will be obtained similar to the one at the beginning of penetration,

. : Consequently, by the results of determining Nosp Dy some overlapping

curves, it is impossible to distinguish the case of a monotonic ine
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creasing function of n(x) from the case of penetration. 4
X &

The Coefficient of Absorption OQLis a Function of the Co- %
ordinates of a Point of the Refracting Boundary. Let us study the
problem of the possibility of determining n by the method of over-
lapping curves when is a function of the coordinates of a point
on the refracting boundary. For the purposes of this study let us
disregard the complicated factors in the path of amplitude curves
which may occur near the separation boundary layers with different
velocities and coefficlents of absorption, and we shall assume that : .
in the given case the amplitude is a continuous function of distance. -
Then, if for each pair of values rj and rg, the equallity oll(ré) =

= ciz(r;), then in formmula (59) dgp/dx = 0, and therefore, D pp = T

i Thus, we use the method of determining n by overlapping am-
plitude curves not only when A, is a constant, but also when #A,is

a variable depending on the coordinates of a point of the refracting

boundary.

6,__The Relation of Accuracy in Determining the Coefficient of Absorp-

tion to the Accuracy of Determining the Power Exponent n

[ The Methods of Determining the Coefficient of Absorption qu.

In the work of Yu, I. Vasil'yev [14] methods are proposed for deter-
e T - 3 i

mining the coefficilénT of absorptich for—the case of a rectilinear

separation boundary and for a separation boundary of an arbitrary form. -

We shall be arrested in the analysis of the accuracy in determining

only for the case of the rectilinear separation boundary.

The Vasil'yev method is based on the transformation of observed

& ; amplitude curves ln A = £(x) into curves of the form ln AX® = ) (%)

f 1 | - 37~

|
|
§
%
I
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For this transformation it is assumed that the index n 1s given.

In the case of a horizontal separation boundary the amplitude

curve, as shown in formula (20) is transformed into the straight line
In Ax = = g x + G, (53)

the angular coefficient of which, taken with opposite sign, equals
uz . In the case of an inclined separation bowndary the angular
coefficient of the tangent to the ¢ransformed curve,as seen from
formula (23) depends on the coefficients of absorption o(l and z><2,
slope (p and on the critical angle i, To determine %, in this
case, Vasil'yev recommends changing to the method of difference which
results in two counter amplitude curves which graphically represent

the difference of the values:
in Az(a - )" = 1n AX" = Q(x) (5h)

When Oﬂz = const the graph of the difference is a straight line, the
angular coefficient of which is numerically equal to Eo{Lcos@ . Knowing
the ‘slope @ , it is possible to determine the coefficient of absorp-
tion 0(2_. If the value of o(Q__ is different in different regions of

the profile, then the graph of the di.fference will be represented as
broken lines upon which the slope of the sdparate segments of the bro=~

ken lines will be changed in ratio to the value of o’w?_

The method of dlffereﬂ?e permits us to exclude divergence of
separate points of the amplltumu Eep}&e-q\fon dissimilar
excitable channels and variations of equipment condltlon. In this
respect the method of determining o{zby counter curves is analogous

to the method of determining n by overlapping curves (see Paragraph L).

This substantial advantage of detemining 0(2_ by a single curve

- 38 -
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causes us to regard its use as expedient not only when the separation

boundary is inclined but also when it is horizontal.

Errors in Determining b(-z_ by the Method of Difference as
Caused by Errors in the Valiie of n., As a result of determining the
deduced effective value, iet Ngpp = 0 + A n, where n is the true
value of the index of divergence and An is the error, In this

case the graph of function (54) will be a curve of the following form:

y = 1n Az(a - x)%eff - 1n Alxnsff = 2%, x cos @ +/Anln a ; X
(55)
For determining "(2 £f it is necessary to £ind the angular coefficient
e

of the tangent to curve (55) which is expressed by the formula:

a

dy _ - B 1
%-2c&2effcosq)—2 & ycos @ An _.._._._.—--x (—_L_Z) (36)

The error in determining O(Z equals E

~ 1 1 (57)
AQI'Z = O{Eeff-da_“ZCOSCP An x( x>

l-3

As is seen from equation (57), the sign of the error in determining
o(z_ is opposite to the sign in détermining n. The function O.oillljhr.

= £(x) has a minimum at x = a/2 and is a curve synmetric with respect

. 14 = ., T I AJ‘Z = - _.___..2 R i
to the line x = a/2, The value (An > . e i.ee it
‘ min
T T e is the inverse of the proportional distance.a between-hath qpﬁ:centres.

In Figure 12 when @ = 0 a graph of the ratio of the value
Aq{z/Ah to distance x for different values of a is presented. As
1g seen from the study of the graph the error in determining 2 at-
tains the greatest value and sharply changes with distance for small

x's and for x near &, i.e, in those cases when regicns of amplitude

-39 ~
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curves near each epicentre are used for determinations, In the area

of the value of xcnear a/2, i.e. in the area of minimum curve Aﬂ‘z/ﬂn=
= f(x) at which the region of minimum curve is wider, the greater is

a,

Consequently, when a is small for sufficiently large errors
in determining n curve (55) cannot be approximated as a straight line
in a sufficiently extended region. In the case of comparatively
larger values of a> 400 meters, curve (55) to a sufficient extent
with a comparatively great degree of accuracy can be approximated as :
a straight line with angular coeffiéient equal to 2 cos(oS2_+ A_(Kz),
where 2\_0?2 is the mean value of error in the region of minimum curve
Mg_/A N = f(x). From this it follows that for a study of small
depths, when distance a betweeﬁ the counter epicentres is sufficiently
small, for a reliable determination of 04’1.. especially great accuracy
in determining the index of divergence n is necessary. For non=-obser=-
vance of this condition the value of error ACKL may be of such size
as the very variation of (7<2_, and in some cases even more. As, for
example, from a study of Figure 12, it is seen that when a = 100
meters, <%"‘—nz“—>min - 20,02 Y, An = 0.5, (At )psy = 0,00 m7L,
i.e, AO<2 attains the same magnitude as the value of c(?_ in some
sedimentary and metamorphic rocks. For a = 500 meters and An - 0,5
the error is considerably decreased and the value of ('Av(z dmin =
= 0.003/m"l. Thus, the accuracy of determining the Ew,,:lxzde;\"_&

pends essentially on the accuracy of determining the index n and on

the distance a between both epicentres,

The Error in Determining A 2 by a Single Amplitude Curve,
Earlier it was pointed out that the determination of by a single

anplitude curve principally gives accurate results only in the case

- )0 - i
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of a horiiontal separation boundary whereupon even for such a simple
form of this boundary it is more expedient to substitute the method
of difference of two counter curves for exclusion of the effect of
equipment conditions and the inaccuracy of the. ‘regulation of excita~
bility of different channels, However, for the treatment of experi-
mental data sometimes the counter amplitude curves are absent, and
the value of OQ.Lha.s to be determined from one curve, Inrelation to
this it is expedient to study the problem of errors in determining
0(2_’ which are dependent upon the erfors in the determination of n,
by a single curve. Let us study the case of the horizontal separa-

tion boundary.

If the error in the determination of n equals A n, then

formula (55) takes the form:
y=1n A = -ofy x+ Anlnx (58)

The angular coefficient of the tangent to curve (58), which is numer-

ically equal to the value of N4 20rf? with opposite sign, will be

i

Deff = " Py

>

- o

+An

(59)

’L= Q(Zeff—o(l-_:-

*la ol

Ad (60)

Equation (60) along with (57) for the case Q = 0 shows that for a
rixed AN when x (a/?, the error Ao(?_ throuhdetermination by counter
curves is less than the error AO(;_ throughdetermination by a simple
curve, For x = a/2, the reverse relation is true, i.e. A°<7_>A04/2 .
In Figure 12, the curve M’l/ An which was computed from (60)
is shown by the dotted line, From a study of this curve it is clear
that A‘*lg,/ Aan changes rapidly with distance in the region of com-

paratively small values of xj for x > 150-200 meters the value of

-1 -
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changes slowly with distance, Therefore, curve (58) with
a known degree of accuracy can be approxim ted as a straight line
with angular coefficient equal to (%2:+'Z;L)’ where Z;Z?nis some
mean error,
Ada.
An
-0,06

-0.05

~0.0l

-0.03

-0,02

~0,01

100 200 300 400 500 600

Figure 12.v Curve:relationships of the ratio of error AC‘E in deter-
mining the coefficient of absorption cKz‘to the error A n in deter-
mining n from distance X; unbroken lines are curves of errors for
determination of aS:L by counter amplitude curves; the parameter of
the family is~fhe distance a be tween epicentres; the dotted line.is
is the curve of errors when C*EL is determined from a single ampli=

tude curve,
A comparison of curve (60) with the curves (57) shows that
the errors in determining by two methods -= by two counter curves

and by one amplitude curve - are essentially different, especlally

for sections of curves which lie near eplcentres, ‘These differences

.2 -

n— oo - 031-1
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in the value of ogz_ , determined by the two methods, in some cases

may be used for detection of error in determining the value of n.

The Necessity of Accuracy in Determining n. The results of
the calculations which were introduced in the last paragraph show
that accuracy in determining the coefficient of absorption G%Q_es-
sentially depends on the accuracy with which the index n is &eter-
mined. Assigning a limit to the allowable values of error Zl°<21
it is possible from the graph (Figure 12) to determine the limit of
the allowable value of error A 03443 the allowable error A(’(Q_
essentially depends on the value of Gﬁzkin(the rocks investigated.
As was shown, the results of processing the experimental data ob-
tained in 1946-1950 in the Geophysical Institute of the Academy of
Science USSR by the correlation method of refracted waves, the values
of the coefficient of absorption in the frequency range f = 50 -100
megacycles for sedimentary rocks equals 0,02-0,05 m-l and for some
crystalline and metamorphic rocks <42‘= 0.002-0,008 m™+. In the
case of sedimentary rocks one can assume that the allowable value
of ﬁxﬂza 0,005 m-L which constitutes from 10 to 25 percent of the
measured value, 1In the case of crystalline and metamorphic rocks
the allowable erior of Aﬁzought not exceed 0,001 m'l, which consti-
tutes from 10 to 50 percent of the measured value. In Table 1 by
way of illustration are presented the 1limits of allowable values of

o) 195 ms computed for some values of a and x and for fixed AG(1=
= 0,001 m=L and [& dﬂ= 0,005 m=l, ﬁor computations it is assumed

that thedetermination of ol is derived from a system of two

2

counter curves.

- L3 -
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Table 1

a, in  Interval of the values Mean value Dnyiy

“&y JAN, n-l By =IOLO0L WL hdg s W0 m

meters of x, in meters

AN
200 50-150 ~ o.011 ¥ 0,09 % 0415 f
100 75-325 0,006 3 0.17 7 0.83
600 100~500 0.00L ¥ 0425 + 1.25 !

?” The data of Table 1 shows that for small allowable values of
A:%z and for small distances a and x great accuracy in the determins-
tion of n is necessary. oSince such accuracy in the deterﬁination of n
cannot always be obtained, then for increased accuracy in the deter-
mination of o(,L , it is necessary to increase the distance a between
counter epicentres, If the determination of A n is derived from a

single amplitude curve, then, as pointed out earlier, it is necessary

to use sections of the curve which are sufficiently removed from the

eplcentre.

The indicated conditions are easily satisfied by the deter-
mination of coefficients of absorption in the case of sufficiently
deep separation boundaries. For a study of separation boundaries
which lie at small depths, the distance between epicentres and the
intervals of wave trackability are usually small. However, in the
case of small depth the requirements for accuracy in the determina-

tion of n must be especially high,

- —

. e e

7. Examples of Determinations of the Index of Divergence n from

Experimental Data |

Seismogeologlc Construction of the Medium, For determining

the index of divergence n recordings of refracted waves are used i

which were obtained under the following seismogeologic conditions,

S —

-l -
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The refracting boundaries are the surface of crystalline rocks

which in single zones of observation are described as granite, but

in others -- as almost vertically stratified metamorphic slates.

The border velocity in these rocks is different in different zones

of obsecvation and it varies in the interval from 1000 to 6000 meters
per second. For determining n, recordings are used which were ob-
tained in the parts where the refracting surface near the horizontal
and border velocity is ponstant. The depth of stratification of this
surface in different parts is from 20 to 120 meters. The covering
media are quarternary argillaceous soils and clay; the mean velocity
¥ in these rocks from the surface of the earth to the surface of
crystalline rocks is p:actically constant for each of the sections
where the determinations of n were derived, and equalled from o0

to 1200 meters per second, Substituting a stratified covering medium
for a single medium of constant mean velocity ﬁ, it is schematically
possible to assume that all determinations of n were made for the case

of a similar layer which is situated in 2 similar half-range.

Regulation of Sensitivity Apparatus. Recordings were obtained
in 2l~channsl apparatus having a maximum frequency characteristic at.
f = 70 megacycles. The seismic chiannels were calibrated for sensitivity.
This was done since on the potentiometers which regulate the sensitivity
amplifier an evenregulator was substituted for a graduated one. With
this in mind the practical mastic potentiometers were substituted for
potentiometers with sets of calibrated wire resistances. For obtaining
recordings the potentiometer slides in all amplifiers were uniform;
this being the case the differences in sensitivity of different channels
did not exceed % 7 percent. In such a manner the sensitivity regulators

may almost directly, by the recordings obtained and the structure of

amplitude curves, without any additional caleulation ascertain the !

/
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nature of the damping waves in respect to distance., Small differences

in channel sensitivity and also differences in amplitude curves due

40 the condition of seismograph equipment were excluded,from the

qualitative calculations of n and %7,, since while recording different
epicentres the sensitivity of the channels and seismograph equipment

; Y remained unchanged, '

The Characteristics of Recordings used for Determining n.
Refracted waves for which determinations of n were derived, were
registered by recordings as to quality at first, Recordings which
were obtained at a distance x were used for determination in the
majority of cases in which twice the depth of the separation boundary
was exceeded. In this case, in conformance with the results of the-
oretical works of the author (see Paragraph 1), index n is a constant,
For a selection of recordings for determining n the following condi-

tions were maintained.

1, Waves, characteristic of the surface of crystalline rocks,
in recordings which were used did not interfere with other waves, for
example, with waves characteristic of the separation boundary in a
covering, sedimentary series; at the beginning of interference, as

is well known, wave amplitudes may be considerably distorted,

2, In the recordings which were used shifts (relays) (con=
nected to the beginning of the vertical separation boundaries in a
series of crystalline rocks) of primary waves are absent; such wave

shifts usually are accompanied by the occurrence of interference which

distorts considerably the path of the amplitude graphs.

3, Predominant frequencies of waves were kept constant along

the line of observation and equal for all epicentres, :

“ i - ‘ {;i

! ! I
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L. Overlapping hodographs of waves,. which were formed :
according to recordings which were used, were strictly parallel,

indicating the absence, at least, of a considerable wave penetra=

f‘ tion in the refracting layer,

Examples of recordings obtained from one and the same region
by two overlapping epicentres, shown in Figure 13, and in Figure 1l,
is shown the system of overlapping and counter hodographs, constructed

according to these recordings and seismic profiles,
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Seismograms obtained from the same region by two overlapping
a == geismogram obtained at the epicentre K 1380, by ¢ ==

tatiwad at explosion point CK 920,
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The Variation of Amplitudes and Construction of Amplitude
Curves, According to recordings, the amplitude of the primary phase
of waves varies, The reading was taken between the position of the
first maximun and first minimum wave (Figure 13). These variations
were taken along all profiles and the variable wave amplitudes are
plotted on a semilogarithmic grid (x, In A). For two adjacent loca-
tions of seismographs the wave amplitude in the correlation channel
for the most part is different. In this case the graph of amplitudes
is presented in the form of two separate segments of fracturing which
are staggered with respect to each other as per the value of log k
(Figure 15), where k 1s the relation of wave amplitudes to channel
correlation, In order to obtain a continuous graph of the variation
of amplitudes along all intervals under investigation, it is suffici-
ent to remove graphically one segment of the fracturing on the ordin-
ate axis at the value of log k. If in determining n data is used
which has been obtained through a series of seismograph stands then,
using the indicated graphic method of parallel transfer of amplitude
curve segments, which are characterized by different seismographic
apparata, it is possible to obtain a continuous graph of amplitudes

along all profiles,

An example of observed overlapping and counter amplitude
curves 1s shown in Figure 16, These curves are constructed accord-

ing to the same seismogram by which the hodograph shown in Figure

1, was constructed,”

- 50 w
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Figure 16, System of observed overlapping and counter ampli tude

curves

The Determination of n, The determination of n is affected
by the method of overlapping curves, Linked to this is the fact that
in all regions where these determinations were carried out, the re-
fracting boundary was practically horizontal, the distance x was read
along the horizontal line of observation., The distance»far between
epicentres was equal to L60 meters, In Figure 17 examples are shown
of determining n by overlapping amplitude curves, obtained in differ-
ent regions of observation, The points which approximated line 1
(Figure 17), are derived from the amplitude curves shown in Figure

N 16, Thus, the seismograph of Figure 13, the hodograph and profile

of Figure 1, the amplitude curves of [isure 16, and Graph 1 of Figm

ure 17 mive a representation of the nature of ‘f&ﬁd‘érﬁéﬂt&l“s'éfsﬂmiqr/m
matérials and of seismogeologic conditions for which the value of

index n = 1,3) was obtained, Data on Seismogeologic conditions ac-
cording to which there is also given the values of the prevailing

: frequency £, the ration of H/')\ (depths H of stratification of the

-5 -
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Table 2 -
¥e in Depth H Mean velocity ¥V Boundary velocity V Fredominant Length of Distance
T U g vy freguency f incidence H from nearer _x
secvence in meters Rock in meters/second in meters/second YE in megacycles waves _ epicentre 2H n
1 2G LGCO 5250 0,08 60 6.7 3.0 50-310 1.2-3.9 1.3L
2 0 Granite 700 5800 0.12 55 12.7 3.1 160-390  2.0-8.6 1.87 4
3 Lo Cranite 700 5700 0.12 £0 11.7 3. 70-U460 0.9-5.7 1.78
b 12C Slates 10Co 5000 0.2C Lo 25.0 €.0 300-690 1.25-2.87 2.60
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refracting boundary at length >\ of incident waves), of distance b'd

of theobservation points to the closer epicentre, the ratio of x/2H

and the results of the determination of n.

As is seen from the examples shown in Figure 17 there is

some scattering of observation points, but even from this it is pos=

sible, with a xnown degree of closeness, 1o approximate a straight
line., Through single determinations, 2S, for example, in the case
of Graph 1, & scattering of points is observed chiefly for small
values of —§T§TI: , 1€ for distances of x close to an epicentre;
this may be connected with the beginning of penetration. For other

determinations, a8, for example, in the case of Graphs 2 and 3, there

is observed 2 scattering of points for the larger values of §f§1:

i.e. for the greatest distances x from an epicentre; it is possible

that this indicates some increase in the index n with distance.
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Mgure 17, Graphs for determining the index n from observed data

The adduced value of n, as also the results of a series of
{ other determinations which were made for similar seismogeologic con=-

ditions, shows that the vglue of n is essentially constrained to the

“8) -
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interval 1.5-2,0, In some cases, &5, for example, in the case of

Graph 1, Figure 17, values of n << 1,5 were obtained and in indi~

vidual cases (Graph L, Figure 17) values of n :> 2.0 were obtained.

The results of treating experimental data indicate that the values
of n in a great number of cases is relatively near these values
which were obtained on the basis of a theoretical solution éf the
dynamic problem for refracted waves (8, 9, 11, 13]. Along with
this, differences in the walues of n are observed which were ob-
tained as a result of a series of determinations which camnot be
explained by a scattering of points. This shows that inactual
media, the relation of the value of 1 to seismogeological con-
ditions -- to the depth of stratification of a refracting layer, to
its capacity, to the correlation og velocity in the covering medium
and in the refracting layer =-- is still not completely investigated.
This research must be carried out on the basis of data analysis of
numerous determinations of n for different cases of medium construct-

ione

1300~ 1,00 1500 1600 1700 x, m
Figure 18, Graph for detemmining the coefficient of absorption by
the system of counter amplitude curves shown in Figure 16,
To determine n, as already pointed out, except for an indepen=
dent value, it is necessary to determine the coefficient of absprpt lon

c(2~. The obtained values of Azjxl gome cases may be used as an
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accuracy control for determining n. In particular, negative values |
of c(l‘show that the value obtained for n is exaggerated. In Fig-

ure 18, in view of the example which is graphically illustrated, there
was obtained a difference method for the determination of D(Q_ by the
counter amplitude curves of Figure 16, For the determination the value
of n = 1.3l was accepted which is derived from overlapping amplitude
curves of the same system (Figure 17, Graph 1), As is seen from an
investigation of Figure 18, the observed points which are relatively
reliable may be approximated by a straight line, The coefficient of
absorption, determined by the slope of this liné, equals 0,0026 m=1.
The space decrement of wave absorption is presented as the well

known formula

197-'0(9_7\?_

where >\2 is the wavelength in the refracting layer.

When the predominant frequency f = 55 megacycles and the border ]
velocity Vg = 5250 meters per second, the wavelength ).2 = 95 meters.
In this case " = 0,25, The values obtained of o, and dl are very

likely for crystalline rocks. i ;
Conclusion

— This paper has been devoted to the problem of the quantitative

4

treatment of amplitudes of refracted waves which were recorded during

work on the correlation method of refracted waves, In this work methods

have been suggested fo;-&eterminidé“zgg—gzﬁoﬁéﬁt"n = cqps? of the di-

vergence function for refracted waves according to observed overiéﬁping - ”f“’ -
t3 f ‘ . and counter amplitude curves, The method of overlapping amplitude ?
. E; curves is more accurate and esier for practical application. It is é

f‘ known that this method is utilized as in the case of a constant co= ?

o f efficient of absorption O(Q_in the refracting layer, as in the %
, : ‘

- 56 -
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case when CXZL varies along the refracting boundary,

i
i
|
{
t

The problem was investigated of the application of the method

suggested for determining n in the case when the values of n and OAQ_

are functions of distance from the oscillation source, and it was
shown that in this case the effective value n,pp which is determined

from observed data, may differ greatly from the true value of n.

] ?\ It has been shown that the accuracy of determining the co-
efficient of absorption in the refracting layer, essentially depends

on the accuracy of the determination of the index of divergence n.

In the last paragraph examples were presented of the deter-

mination of the index of divergence n according to experimental data,

The calculation of n according to experimental data by the
method suggested showed that the values of n generally are equal to
1.,5-2,0, but in some cases larger as well as smaller values of n are
obtained, Subsequently, on the basis of the results of mass deterw
minations of n, it is necessary to establish the relation of the in~
dex n to stratification depth and capacity h of the refracting layer,
to the ratio of velocity -\7/Vg in the covering medium and in the re=
fracting layer and to the predominant frequencies f of refracted
waves, Particular attention must be paid to the study of the relation
of the value of n to distance x and to improving the methods for

determining n in the case of the variable.n w—sfxyd———————u_ R

The determination of the index n offers great interest for
the study of the problem of the physics of the propagation of re-
fracted waves in different geological media, Simultaneously with
this the determination of the value of n is basically necessary also

f 4 for an investigation of refracting properties of different media;
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whereas for determining the coefficient of absorption cizﬁit is ne-

cessary to know the value of n. The determination of n must proceed

along with the determination ofaﬂl. For this it is necessary to
obtain systems of overlapping and counter amplitude curves. The com-
bination of two parameters n and QQ_, which are determined according
to this system, denotes the degree of stratification of refracted
waves with distance in different media. The employment during the
survey of data on the damping of refracted waves with distance, to-
gether witﬁ the utilization of other dynamic properties of waves
and time of run to permit 2 fuller study of the seismogeological
structure of the medium and, undoubtedly, to broaden the exploring

possibilities of the correlation method of refracted waves.

In conclusion, let.us note that the described method for de-
termining the exponent of the divergence function n for refracted
waves is applicable ]:; straight line and surface waves. In a
solid medium the functions of divergence for these waves may essen=~
tially differ from the asymptotic formulas which were obtained from
the equation of the theory of elasticity for an ideally elastic

medium,

In particular, it is extremely interesting to ascertain, on
the basis of an analysis of the values of n, whether the waves re-

gistered at a close distance to an epicentre are direct or whether

i oo o s

s

e they are refracted waves related to a thin lazg;‘mixhuan’EKEreased

velocity, which are often found in the similar appearing media from

a geological point of view.

v The described method for determining the index n is also ex=
pedient to use for treatment of amplitude curves obtained through ob=

; servation by the method of statlonary oscillations, In this case,

P

- 58 = |
i

Declassified in Part - Sanitized Copy Approved for Release 2012/03/26 : CIA-RDP82-00039R000200140031-1



e

". Declassified in Part - Sanitized Copy Approved for Release 2012/03/26 : CIA-RDP82-00039R000200140031-1

with great care, a study of the values of n may assist in determining
types of waves induced at the source of sinusoidal oscillations of

fixed frequency.

Academy of Sciences USSR Submi tted

Geophysics Institute 27 March 1951
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